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(57) ABSTRACT

A steel for high-strength spring has an Ac; transformation
temperature as an indicator of the decarburization perfor-
mance, which is calculated by Equation (1) below, is from
859 to 885° C., a maximum hardened diameter DI as an
indicator of the hardening performance, which is calculated
by Equation (2) below, is from 70 to 238 mm, and a temper
hardness HRC as an indicator of the spring performance,
which is calculated by Equation (3) below, is from 50 to 55.

Ac3;=910-203x

VC-15.2Ni+44.7Si+104V+31.5Mo+13.1W (€8]
DI=Doxfsixfamxfoxfsxfeufnxfer ()]
HRC=38.99+17.48C+2.5581-2.28Ni+2.37Cr+8.04Ti 3)

wherein, D,=8.65xVC, f,=1+0.64x% Si, f,,=1+4.10x%
Mn, {,=1+2.83x% P, £~1-0.62x% S, f.,=140.27x% Cu,
fy,

7

140.52x% Ni, and f,=1+2.33x% Cer.

7 Claims, 4 Drawing Sheets
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STEEL FOR HIGH-STRENGTH SPRING,
METHOD FOR PRODUCING SAME, AND
HIGH-STRENGTH SPRING

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is a Continuation Application of PCT
Application No. PCT/JP2011/074290, filed Oct. 21,2011 and
based upon and claiming the benefit of priority from prior
Japanese Patent Application No. 2010-252856, filed Nov. 11,
2010, the entire contents of all of which are incorporated
herein by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a steel for high-strength
spring which is used as a spring part for vehicle, a method for
producing the same, and a high-strength spring produced by
the method.

2. Description of the Related Art

Under an environmental assessment to prevent global
warming, it has been desired to attain lighter bodies in order
to control the emission of carbon dioxide gas in the automo-
bile industry. An approach for achieving the demand for
lighter bodies includes enhancing the strength of a coil spring
for supporting bodies. On the other hand, the coil spring for
supporting bodies is exposed to a severe corrosive environ-
ment, and thus the durability is required.

In order to ensure the durability of the coil spring in the
corrosive environment, the research and development for
improving the corrosion resistance of materials by adding
alloy elements such as Ni, Cr, Mo, and V, which are effective
for corrosion resistance, have been carried out and various
types of proposals have been made. As for the means for
improving the corrosion resistance and delayed fracture resis-
tance, for example, in the case of a high-strength steel for coil
spring produced by adding expensive alloy elements, such as
Ni, Cr, Mo, and V (hereinafter referred to as “existing high Cr
steel”) described in Patent Literature 1, the additive amount of
each alloy element is increased as the usage environment
becomes severe. Consequently, the material cost is increased.
A large additive amount of Cr causes not only high-cost but
also instability of a raw material supply system. Physically,
this leads to a disadvantage that the corrosion pit becomes an
acute angle. That is, Cr acts positively on the general corro-
sion, while it acts negatively on the corrosion pit (pitting), i.e.,
a trade-off relationship. It is unclear where the optimal value
of the Cr content as the additive amount exists.

Further, Ni has an effect of improving the corrosion resis-
tance and an effect of increasing the amorphous composition
of'the rust and decreasing the aspect ratio of the corrosion pit.
This causes not only an increase in cost but also instability of
araw material supply system because Ni-producing countries
and areas are unevenly distributed.

From such a background, the study for eliminating the
unstable factors has been further proceeded and various types
of proposals have been made. For example, Patent Literature
2 describes a high-strength steel for coil spring which is
produced to have a desired high strength with a low Cr content
and a low Ni content. In Patent Literature 2, it is suggested
that composition ratios of constituent elements are specified
using three parameters Ceq 1, Ceq 2, and Ceq 3 in order to
realize the steel for high-strength spring which contains a
small amount of alloys.
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CITATION LIST

Patent Literature

Patent Literature 1: Jpn. Pat. Appln. KOKAI Publication No.
7-173577

Patent Literature 2: Jpn. Pat. Appln. KOKAI Publication No.
2009-046764

BRIEF SUMMARY OF THE INVENTION

However, the present inventors have retested and examined
the performance of the steel for spring described in Patent
Literature 2 (hereinafter referred to as “conventional steel),
and thus they have found out that steels in which the corrosion
lifetime does not reach a practical use level as a coil spring are
contained in conventional steel. That is, it is found that the
analysis based on the three parameters Ceq 1, Ceq 2, and Ceq
3 in Patent Literature 2 is sufficient in terms of the strength,
however it is insufficient in terms of the corrosion lifetime
(corrosion durability). Therefore, when the conventional steel
is comprehensively examined, it does not necessarily have
necessary and sufficient performance as a steel for coil spring.

The present invention has been made to solve the above
problems. An object thereof is to provide a steel for high-
strength spring which achieves high strength, contains a small
amount of alloy elements of Ni, Cr, Mo, and V, is low-cost,
and further has a corrosion lifetime for practical purposes,
which is excellent in corrosion resistance and pitting resis-
tance at a defined composition ratio, a method for producing
the same, and a high-strength spring.

The steel for high-strength spring according to the present
invention (hereinafter referred to as “example steel”) com-
prises C: 0.38 10 0.44%, Si: 2.00 to 2.30%, Mn: 0.79t0 1.25%,
Cr: 0.10 to 0.43%, Ni: 0.15 to 0.35%, Cu: 0.15 to 0.35%, Ti:
0.05100.13%, P: 0.02% orless (0% is not included), S: 0.02%
or less (0% is not included), Al: 0.003 to 0.10%, N: 0.002 to
0.012%, O: 0.0002% or less (0% is not included), by mass %,
and residue consisting of iron and inevitable impurities,
wherein an Ac, transformation temperature as an indicator of
the decarburization performance, which is calculated by
Equation (1) below, is from 859 to 885° C., a maximum
hardened diameter DI as an indicator of the hardening per-
formance, which is calculated by Equation (2) below, is from
700 238 mm, and a temper hardness HRC as an indicator of
the spring performance, which is calculated by Equation (3)
below, is from 50 to 55.

Ac3;=910-203x

VC-15.2Ni+44.78i+104V+31.5Mo+13.1W (D

DI=DoxfsxfamXfefs¥fafvifcr ()]

HRC=38.99+17.48C+2.558i-2.28Ni+2.37Cr+8.04Ti 3)

wherein, Dy=8.65xVC, f4=1+0.64x% Si, f,,=1+4.10x%
Mn, {,=1+2.83x% P, £~1-0.62x% S, f.,=140.27x% Cu,
£ =1+0.52x% Ni, and f,=1+2.33x% Cr.

The method for producing a high-strength spring accord-
ing to the present invention comprises: hot or cold working a
steel which comprises C: 0.38 to 0.44%, Si: 2.00 to 2.30%,
Mn: 0.79 to 1.25%, Cr: 0.10t0 0.43%, Ni: 0.15 t0 0.35%, Cu:
0.15 10 0.35%, Ti: 0.05 to 0.13%, P: 0.02% or less (0% is not
included), S: 0.02% or less (0% is not included), Al: 0.003 to
0.10%, N: 0.002 to 0.012%, O: 0.0002% or less (0% is not
included), by mass %, and residue consisting of iron and
inevitable impurities, wherein an Ac; transformation tem-
perature as an indicator of the decarburization performance,
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which s calculated by Equation (1) below, is from 859 to 885°
C., a maximum hardened diameter DI as an indicator of the
hardening performance, which is calculated by Equation (2)
below, is from 70 to 238 mm, and a temper hardness HRC as
an indicator of the spring performance, which is calculated by
Equation (3) below, is from 50 to 55, into a wire rod;

rolling the wire rod to be formed into a desired coil spring
shape;

subjecting the spring to a heat treatment for hardening and
tempering;

hot-setting the spring;

subjecting the spring to hot shot peening; and

pre-setting the spring.

Ac3;=910-203x

VCT-15.2Ni+44.7Si+104V+31.5Mo+13.1W (D

DI=DoxfsxfamxfoXfs¥fcufnxfer ()]

HRC=38.99+17.48C+2.558i-2.28Ni+2.37Cr+8.04Ti 3)

wherein, D=8.65xVC, f,=1+0.64x% Si, f,, =1+4.10x%
Mn, f,=142.83x% P, £~1-0.62x% S, f.,=140.27x% Cu,
£\ =1+0.52x% Ni, and f,=142.33x% Cr.

The terms described herein are defined as follows.

Ahardening coefficient D, whichis a coefficient specified
by the grain size and the carbon content, is used when calcu-
lating the maximum hardened diameter DI. When the grain
size number is 7, the hardening coefficient D, is given by the
formula: 8.65xVC. That is, the value (i.e., 8.65) of the hard-
ening coefficient D, is unambiguously determined when the
grain size number is 7. For example, when the grain size
number is 6, the coefficient D, is 9.40. When the grain size
number is 8, the coefficient D, is 7.95.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWING

FIG. 1 is a cross-sectional pattern diagram schematically
showing a process from the formation of a corrosion pit to the
development and progression of a crack.

FIG. 2 is a characteristic diagrammatic view showing a
correlation between the repetition cycle number and the cor-
rosion weight loss as compared each example with each com-
parative example.

FIG. 3 is a characteristic diagrammatic view showing a
correlation between the repetition cycle number and the pit
aspect ratio as compared each example with each compara-
tive example.

FIG. 4 is a characteristic diagrammatic view showing a
correlation between the depth and generation frequency of
the corrosion pit occurred in each sample of each example.

FIG. 5 is a characteristic diagrammatic view showing a
correlation between the depth and generation frequency of
the corrosion pit occurred in each sample of each comparative
example.

FIG. 6 is a characteristic diagrammatic view showing a
correlation between the number of times that various kinds of
coil springs are broken and the stress amplitude.

FIG. 7 is a characteristic diagrammatic view showing a
correlation between the tightening stress and residual shear-
ing strain of various kinds of coil springs.

DETAILED DESCRIPTION OF THE INVENTION

Hereinafter, preferred embodiments to execute the present
invention will be described.
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4

The example steel has the following three main character-
istics.

Firstly, the decarburization is an important factor which
influences the spring performance, and is also one of the
important examination items which must be taken into con-
sideration when determining the composition of steel. As a
means for examining the decarburization, there is an Ac,
transformation temperature for specifying a boundary
between two-phase and austenite regions. If the Ac, transfor-
mation temperature is low, the heating temperature may be set
to lower temperatures. Even if the same heating temperature
is used, the permissible temperature to the hardening process
can be set to lower temperatures. Accordingly, this is consid-
ered to be advantageous for the decarburization. The Ac,
temperature in the optimal composition of the existing high
Cr steel is 867° C. Thus, in the example steel, the composition
design is examined while ensuring the spring performance
(atmospheric durability, sag resistance, and corrosion dura-
bility), hardenability, and temper hardness so as to have at
least the Ac, temperature equal to that of the existing high Cr
steel. Here, the optimal composition does not necessarily
correspond to a center value (arithmetic average) between the
upper and lower limits. The optimal composition should be
determined by comprehensively evaluating the spring perfor-
mance, hardenability, and temper hardness, and it is a value
slightly lower than an arithmetic average of the upper and
lower limits in many cases. As a result, in the case of the
optimal composition of the example steel, the Ac; tempera-
ture is 867° C., and the decarburization performance nearly
equal to that of the existing high Cr steel can be obtained even
under conditions (no-addition of V and the low Ni composi-
tion). The Ac; transformation temperature used as an indica-
tor of the decarburization is calculated using Equation (1).
The decarburization level is adjusted so as to be equal to that
of'the existing high Cr steel. The Ac; transformation tempera-
ture is calculated using Equation (1) and it is a generally
known empirical formula. However, these compositions are
not determined only by the decarburization and they act posi-
tively on the corrosion durability or sag resistance. Thus, the
portion which is deteriorated in corrosion durability and sag
resistance by reducing the contents of Ni and V is made up,
and the compositions are adjusted so that the Ac, transforma-
tion temperature and temper hardness are equal to those of the
existing high Cr steel.

Secondly, the spring hardness is an important factor which
influences the spring performance. It is very important to
obtain uniform hardness regardless of the wire diameter or
size of the spring. Therefore, it is necessary to perform an
examination, taking into consideration the hardenability. The
maximum hardened diameter DI is used to examine the hard-
enability in the present invention. In order to calculate the
maximum hardened diameter DI, the equation of H. Hol-
lomon & L. D. Jaffe, which is expressed by Equation (2)
above, is used.

Thirdly, the temper hardness specifies the final hardness of
the coil spring and has a large impact on the spring perfor-
mance. If the same hardness can be obtained at the same
tempering temperature as that of the existing high Cr steel, it
is possible to produce the spring without changing the tem-
pering temperature. Consequently, it is one of the important
factors, taking into consideration the productivity of the
spring. Equation (3) above is used to calculate the temper
hardness. Equation (3) above is a regression equation (em-
pirical formula) which is obtained by performing a multivari-
ate analysis on the results of different types of steels subjected
to the test in the past. As is the case with the decarburization,
the composition of the steel composition is not determined
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according to only the temper hardness. The composition of
the steel composition is adjusted so as to comprehensively
satisfy the corrosion durability, sag resistance, Ac, transfor-
mation temperature, decarburization, and the like. The tem-
per hardness of the existing high Cr steel at a tempering
temperature T° C. is 52.5 HRC in the case of the optimal
composition. On the other hand, in the case of the example
steel, the temper hardness at the tempering temperature T° C.
is 52.6 HRC. As described above, the contents of C, Si, Ni, Cr,
and Ti are adjusted so that the same temper hardness is
obtained using the optimal composition.

The steel for high-strength spring of the present invention,

comprising the three characteristics, the method for produc-
ing a high-strength spring, and the high-strength spring will
be enumerated below.
(1) The steel for high-strength spring of the present invention
comprises C: 0.36 to 0.44%, Si: 2.00 to 2.30%, Mn: 0.79 to
1.25%, Cr: 0.10 to 0.43%, Ni: 0.15 to 0.35%, Cu: 0.15 to
0.35%, Ti: 0.05 to 0.13%, P: 0.02% or less (0% is not
included), S: 0.02% or less (0% is not included), Al: 0.003 to
0.10%, N: 0.002 to 0.012%, O: 0.0002% or less (0% is not
included), by mass %, and residue consisting of iron and
inevitable impurities, wherein an Ac; transformation tem-
perature as an indicator of the decarburization performance,
which s calculated by Equation (1) below, is from 859 to 885°
C., a maximum hardened diameter DI as an indicator of the
hardening performance, which is calculated by Equation (2)
below, is from 70 to 238 mm, and a temper hardness HRC as
an indicator of the spring performance, which is calculated by
Equation (3) below, is from 50 to 55.

Ac3;=910-203x

VT-15.2Ni+44.78i+104V+31.5Mo+13.1W (D

DI=DoxfsxfamxfoXfs¥fcufnxfer ()]

HRC=38.99+17.48C+2.558i-2.28Ni+2.37Cr+8.04Ti 3)

wherein, Dy=8.65xVC, f,=1+0.64x% Si, f,,=1+4.10x%
Mn, f,=142.83x% P, £~1-0.62x% S, f.,=140.27x% Cu,
£\ =1+0.52x% Ni, and f,=142.33x% Cr.

According to the present invention, in spite of the small
additive amount of the alloy elements, the corrosion weight
loss in the corrosive environment becomes nearly equal to or
lower than that of the existing high Cr steel (FIG. 2).

Further, according to the present invention, the shape of the
corrosion pit occurred in the corrosive environment is flat-
tened and the local stress concentration is hardly generated
(FIG. 3).

According to the present invention, the depth of the corro-
sion pit occurred in the corrosive environment is shallow.
Thus, a fatigue crack is hardly formed and the corrosion
lifetime is improved (FIGS. 4 to 6).

(2) The method for producing the high-strength spring of the
present invention comprises: hot or cold working a steel
which comprises C: 0.38 to 0.44%, Si: 2.00 to 2.30%, Mn:
0.7910 1.25%, Cr: 0.10 t0 0.43%, Ni: 0.15t0 0.35%, Cu: 0.15
to 0.35%, Ti: 0.05 to 0.13%, P: 0.02% or less (0% is not
included), S: 0.02% or less (0% is not included), Al: 0.003 to
0.10%, N: 0.002 to 0.012%, O: 0.0002% or less (0% is not
included), by mass %, and residue consisting of iron and
inevitable impurities, wherein an Ac; transformation tem-
perature as an indicator of the decarburization performance,
which s calculated by Equation (1) below, is from 859 to 885°
C., a maximum hardened diameter DI as an indicator of the
hardening performance, which is calculated by Equation (2)
below, is from 70 to 238 mm, and a temper hardness HRC as
an indicator of the spring performance, which is calculated by
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6

Equation (3) below, is from 50 to 55, into a wire rod; rolling
the wire rod to be formed into a desired coil spring shape;
subjecting the spring to a heat treatment for hardening and
tempering; hot-setting the spring; subjecting the spring to hot
shot peening; and pre-setting the spring.

Ac3;=910-203x

VC-15.2Ni+44.78i+104V+31.5Mo+13.1W (D

DI=Doxfsixfamxfoxfsxfeufnxfer ()]

HRC=38.99+17.48C+2.558i-2.28Ni+2.37Cr+8.04Ti 3)

wherein, Dy=8.65xVC, f4=1+0.64x% Si, f,,=1+4.10x%
Mn, £,=1+2.83x% P, £=1-0.62x% S, f.,=1+0.27x% Cu,
£ =1+0.52x% Ni, and f,=1+2.33x% Cr.

The hot forming spring is produced through a series of the
following processes: wire rod heating; rolling (forming into a
coil spring shape); hardening; tempering; hot setting; hot shot
peening; pre-setting; chemical conversion; and coating. On
the other hand, the cold forming spring is produced through a
series of the following processes: wire rod hardening and
tempering; rolling; annealing to remove strain; hot setting;
hot shot peening; pre-setting; chemical conversion; and coat-
ing.

According to the present invention, in spite of the material

containing a reduced amount of expensive alloy elements,
such as Ni, Cr, Mo, and V, in the steels within the range of the
present invention, a decrease in the corrosion lifetime (corro-
sion durability) due to a difference in the composition ratio
can be suppressed as compared with that of the conventional
steel.
(3) In the process (2), the wire rod is rolled by hot or cold
forming to be formed into the desired coil spring shape, and
the spring is subjected to hot shot peening so as to give a
maximum shear stress of 1176 MPa or more.

According to the present invention, the residual compres-
sive stress remaining on the surface portion is increased by
performing hot shot peening, and thus the maximum shear
stress can be increased to a level of 1176 MPa or more.
Although the maximum shear stress of the coil spring steel
cannot be increased indefinitely, the upper limit is about 1400
MPa according to various manufacturing restrictions.

(4) Inthe process (2) or (3), it is preferable to perform the hot
shot peening at 200° C. to 300° C.

When the temperature is less than 200° C., the effect ofhot

shot peening is not obtained or the effect becomes insuffi-
cient. On the other hand, when the temperature exceeds 300°
C., reheating is needed or it is difficult to control the tempera-
ture.
(5) The high-strength spring of the present invention is pro-
duced by using any one of the methods (2) to (4). The high-
strength spring of the present invention may be applied to
either a coil spring produced by hot forming or a coil spring
formed by cold forming.

Hereinafter, a preferred range of various composition ele-
ments, and the reason will be described.

(1) C: 0.38 t0 0.44%

Carbon (C) is inevitably contained in steel, and contributes
to the improvement in strength and hardness after hardening
and tempering. From the viewpoint of ensuring a necessary
strength, it is necessary to add 0.38% or more of the C content.
More preferably, 0.39% or more of the C content is added. On
the other hand, if the C content is too high, the aspect ratio of
the corrosion pit is increased, the corrosion pit shape is sharp-
ened, and the stress concentration to the corrosion pit is
increased. Further, the toughness of the basis metal in steel is
deteriorated, and thus the hydrogen embrittlement is also
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deteriorated. As a result, if the C content is excessive, the
corrosion durability is deteriorated. Accordingly, the upper
limit is set to 0.44%. More preferably, it is set to 0.43%.

(2) 8i: 2.00 to 2.30%

Si contributes to the improvement in strength as a solid
solution strengthening element and also improves the proof
stress. Thus, if the Si content is too low, the strength of the
basis metal becomes insufficient. Further, Si also has an effect
of shifting the carbide precipitation temperature during tem-
pering to the high temperature side and shifting the temper
brittleness zone to the high temperature side to improve the
hydrogen embrittlement. In order to obtain these effects, it is
necessary to add 2.00% or more of the Si content. However, if
the Si content is excessive, the decarburization is facilitated
and the processability is worsened. Accordingly the upper
limit is set to 2.30%. Preferably, it is set to 2.20%.

(3) Mn: 0.79 to 1.25%

Mn is an element that extends the austenite region in the
equilibrium diagram and is effective in stably suppressing the
ferrite decarburization. Mn has an effect of making S, which
is a cause of the formation of inclusions, harmless. In order to
obtain these effects, it is necessary to add 0.79% or more of
the Mn content. However, if the Mn content is excessive, the
toughness of the basis metal in steel is deteriorated. Thus, the
hydrogen embrittlement is deteriorated. As a result, the cor-
rosion durability is deteriorated. Accordingly, the upper limit
is set to 1.25%. More preferably, the upper limit of the Mn
content is set to 1.00%.

(4)Cr: 0.1t0 0.43%

Cr enhances the basis metal in steel by solid solution
strengthening and also has an effect of improving the hard-
enability. In order to obtain these effects, it is necessary to add
0.10% or more of the Cr content. However, the corrosion
durability of Cr is deteriorated by decreasing the PH value at
the bottom of the corrosion pit to increase the aspect ratio of
the corrosion pit (the pit shape is sharpened). Accordingly, the
upper limit is set to 0.43%. More preferably, the upper limit of
the Cr content is set to 0.30% or less.

(5) Ni: 0.15t0 0.35%

Ni has an effect of improving the corrosion resistance as is
the case with Cu and an effect of increasing the amorphous
composition of the rust and decreasing the aspect ratio of the
corrosion pit. In order to obtain these effects, it is necessary to
add 0.15% or more of the Ni content. However, if the Ni
content is excessive, an increase in cost is caused. Accord-
ingly, the upper limit is set to 0.35%. More preferably, the
upper limit of the Ni content is set to 0.25% or less.

(6) Cu: 0.15t0 0.35%

Cu is a metallic element whose ionization tendency is
electrochemically higher than that of iron and which has an
effect of improving the corrosion resistance of steel. Further,
Cu has an effect of increasing the amorphous composition of
the rust generated during corrosion and suppressing a phe-
nomenon in which chlorine (Cl) is condensed at the bottom of
the corrosion pit, which is one of the causes for corrosion. The
effect allows the aspect ratio of the corrosion pit to be con-
trolled. Further, the stress concentration is relaxed, and the
corrosion durability is improved. In order to obtain these
effects, itis necessary to add 0.15% or more of the Cu content.
However, if the Cu content is excessive, a crack due to hot-
rolling may be formed. Accordingly, the upper limit is set to
0.35%. More preferably, the upper limit of the Cu content is
set to 0.25%.

(7) Ti: 0.05 t0 0.13%

Ti is effective in refining prior austenite crystal grains after
hardening and tempering, and in improving the atmospheric
durability and the hydrogen embrittlement. In order to obtain
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these effects, it is necessary to add 0.05% or more of (prefer-
ably 0.07% or more of) the Ti content. However, if the Ti
content is excessive, coarse Tinitrides precipitate and thus the
fatigue characteristics are deteriorated. Accordingly, the
upper limit is set to 0.13%. More preferably, the upper limit of
the Ti content is set to 0.11%.

(8) Impurity Elements being Encouraged to Limit their Con-
tents

Al P, S, O, and N are impurity elements which enter into
the steel in the process of forming the steel and they are
encouraged to limit their contents. From the viewpoint of the
performance of the spring and the capacity of the production
facility, desired and permissible contents of these impurity
elements are respectively specified as follows.

(8-1) Al: 0.003 to 0.10%

Al is an element that acts as a deoxidizer during the cast
treatment. Al forms fine aluminium nitrides. Thus, it has an
effect of refining crystal grains due to the pinning effect. In
order to obtain these effects, it is necessary to add at least
0.003% or more of the Al content. More preferably, 0.005%
or more of the Al content is added.

However, if the Al content is excessive, coarse aluminium
nitrides (AIN) are formed, resulting in a bad influence on the
fatigue characteristics. Accordingly, the upper limit is set to
0.10%. More preferably, the upper limit of the Al content is
set to 0.03%.

(8-2) P: 0.02% or Less (0% is not Included)

P is an element which segregates at a prior austenite grain
boundary to embrittle the grain boundary and deteriorates the
fatigue characteristics. Therefore, the P content is preferred to
be as little as possible and is preferably controlled to 0.02% or
less. In order to obtain the fatigue characteristics at a high
level, it is preferably controlled to 0.01% or less.

(8-3) S: 0.02% or Less (0% is not Included)

S is an element which segregates at a prior austenite grain
boundary to embrittle the grain boundary and deteriorates the
fatigue characteristics as is the case with P. Therefore, the S
content is preferred to be as little as possible and is preferably
controlled to 0.02% or less. In order to obtain the fatigue
characteristics at a high level, it is preferably controlled to
0.01% or less.

(8-4) O: 0.002% or Less (0% is not Included)

Oxygen (O) is an element which forms an oxide-based
inclusion and reduces the fatigue characteristics. If the O
content becomes excessive, a coarse oxide-based inclusion
such as alumina (Al,O,) is formed, the fatigue characteristics
are significantly reduced. Therefore, the O content is pre-
ferred to be as little as possible. In order to obtain the fatigue
characteristics at a normal level, it is preferably controlled to
0.002% or less.

(8-5) N: 0.002 to 0.012%

Nitrogen (N) forms nitrides with Al and contributes to the
refinement of crystal grains. To accomplish this, it is neces-
sary to add 0.002% or more of the N content. However, if the
N content is excessive, N forms coarse nitrides with Ti and Al,
an effect of preventing crystal grains from being coarsened is
not obtained, and an TiN-based inclusion is formed. This
causes a decrease in the fatigue characteristics. Accordingly,
the upper limit of the N content is set to 0.012%. More
preferably, the upper limit of the N content is set to 0.010%.
(9) Ac, Transformation Temperature

Ifthe Ac, transformation temperature is set to a low value,
the heating temperature may be low, which is advantageous
for the decarburization. On the other hand, if the heating
temperature is assumed to be the same, a permissible tem-



US 9,404,547 B2

9

perature until the hardening is completed can be set to a low
value. Therefore, this is considered to be advantageous for the
decarburization.

An case of the composition design of the example steel
regarding the Ac,; transformation temperature will be
explained with reference to Table 1.

In the example steel, a basic composition design is per-
formed using the composition of the existing high Cr steel as

10

On the other hand, as for existing high Cr steel, an example
of the composition design of the existing high Cr steel when
the Ac, temperature is 861° C. is as follows: C: 0.42%, Si:
1.70%, Ni: 0.6%, and V: 0.15%. An example of the compo-
sition design of the existing high Cr steel when the Ac,
temperature is 886° C. is as follows: C: 0.38%, Si: 1.90%, Ni:
0.3%, and V: 0.20%. An example of the composition design of
the existing high Cr steel when the Ac, temperature is 867.3°
C.is as follows: C: 0.41%, Si: 1.75%, Ni: 0.5%, and V: 0.16%.

TABLE 1

Calculated cases of the composition design regarding the Ac, transformation temperature

Application of composition

Composition Ac; transformation

Classification addition to Ac, temperature  C Si Ni \' temperature (° C.)
Example steel Minimum 044 2.0 035 0 859
Example steel Maximum 0.38 23 015 0 885
Example steel Optimal 0.415 2.05 0.2 0 867.8
Existing high Cr steel Minimum 042 1.7 0.6 0.15 861
Existing high Cr steel Maximum 038 1.9 0.3 0.2 886
Existing high Cr steel Optimal 041 175 05 0.16 867.3
(10) Hardenability

a base composition. Further, aiming at providing an optimal
value of the Ac, temperature equal to that of the existing high
Cr steel, a specific composition design is performed. That is,
in the case of the optimal composition of the existing high Cr
steel (C: 0.41%, Si: 1.75%, Ni: 0.5%, and V: 0.16%), the Ac,
temperature is 867.3° C. Thus, the composition design of the
example steel is examined while the spring performance (at-
mospheric durability, sag resistance, and corrosion durabil-
ity), hardenability, and temper hardness are ensured so that
the Ac; temperature is equal to at least that of the existing high
Cr steel (while the maintenance of the performance level as
the steel for high-strength spring is confirmed). As a result, in
the case of the optimal composition of the example steel (C:
0.415%, Si: 2.05%, Ni: 0.2%, and no-addition of V), the Ac,
temperature is 867.8° C. In the example steel, the decarbur-
ization performance substantially equal to that of the existing
high Cr steel can be obtained even under conditions (no-
addition of V and the low Ni content). The “optimal value”
used herein means an ideal composition for compositions
which provides excellent spring characteristics in an interval
from a minimum value to a maximum value in the Ac, tem-
perature. The optimal value does not necessarily correspond
a center value (arithmetic average) between the minimum and
maximum values. The optimal value is a value slightly lower
than an arithmetic average of the minimum and maximum
values in many cases.

Thus, the Ac, temperature is an important factor used as an
indicator of the decarburization performance of steel. The
Ac, temperature is expressed by Equation (1) below, wherein
each element symbol in the equation represents the content of
the element (mass %).

Ac3;=910-203x

VT-15.2Ni+44.78i+104V+31.5Mo+13.1W (D

An example of the composition design of the example steel
when the Ac; temperature is 859° C. is as follows: C: 0.44%,
Si: 2.0%, Ni: 0.35%, and no-addition of V. An example of the
composition design of the example steel when the Ac, tem-
perature is 885° C. is as follows: C: 0.38%, Si: 2.3%, Ni:
0.15%, and no-addition of V.

An example of the optimal composition design of the
example steel when the Ac; temperature is 867° C. is as
follows: C: 0.415%, Si: 2.05%, Ni: 0.20%, and no-addition of
V.

40
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The spring hardness is an important factor which influ-
ences the spring performance. It is important to obtain uni-
form hardness regardless of the wire diameter or size of the
spring. Therefore, it is necessary to perform an examination,
taking into consideration the hardenability. In order to evalu-
ate the hardenability, a maximum diameter DI when a round
bar is subjected to water hardening and 50% or more of the
center section can be martensitically transformed is used.

An cases of the composition design of the example steels
regarding the hardenability will be explained with reference
to Table 2.

In the example steel, a basic composition design is per-
formed using the composition of the existing high Cr steel as
a base composition. Further, aiming at providing an optimal
value of the maximum diameter DI equal to that of the exist-
ing high Cr steel, a specific composition design is performed.
That is, the maximum diameter DI is determined using the
equation of H. Hollomon & L. D. Jaffe, which is expressed by
Equation (2) below:

DI=DoxfsxfamXfefs¥fafvifcr ()]

wherein DO=8.65xVC, {Si=1+0.64x% Si, {Mn=1+
4.10x% Mn, fP=1+2.83x% P, £S=1-0.62x% S, fCu=1+
0.27x% Cu, fNi=1+0.52x% Ni, and fCr=1+2.33x% Cr.

In the embodiment, it is preferable to perform the compo-
sition design so that the maximum diameter DI specified by
Equation (2) above is from 70 to 238 mm. If the DI value is
less than 70 mm, it is impossible to achieve a desired hard-
ening effect which is required for the coil spring. On the other
hand, if the DI value exceeds 238 mm, a crack may occur
during hardening.

An case of the composition design of the example steel
when the maximum diameter DI is 70 mm is as follows: C:
0.38%, Si: 2.0%, Mn: 0.79%, P: 0%, S: 0%, Cr: 0.1%, Ni:
0.15%, Cu: 0.15%, and no-addition of V. An example of the
composition design of the example steel when the maximum
diameter DI is 238 mm is as follows: C: 0.44%, Si: 2.3%, Mn:
1.25%, P: 0.02%, S: 0.02%, Cr: 0.43%, Ni: 0.35%, Cu:
0.35%, and no-addition of V.

Further, it is the most preferable that the maximum diam-
eter DI is set to a range of 11510 mm (105 to 125 mm),
aiming at 115 mm which is an optimal value of the maximum
diameter DI. An example of the composition design of the
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example steel when the maximum diameter DI is 115 mm is
as follows: C: 0.415%, Si: 2.05%, Mn: 1.00%, P: 0.009%, S:
0.006%, Cr: 0.2%, Ni: 0.2%, Cu: 0.2%, and no-addition of V.

On the other hand, as for existing high Cr steel (conven-
tional steel), an example of the composition design of the
existing high Cr steel when the maximum diameter DI is 63
mm is as follows: C: 0.38%, Si: 1.7%, Mn: 0.1%, P: 0%, S:
0%, Cr: 1.0%, Ni: 0.3%, and Cu: 0.2%. An example of the
composition design of the existing high Cr steel when the
maximum diameter DI is 189 mm is as follows: C: 0.42%, Si:
1.9%, Mn: 0.45%, P: 0.02%, S: 0.02%, Cr: 1.1%, Ni: 0.6%,
and Cu: 0.3%. An example of the optimal composition design
of the existing high Cr steel when the maximum diameter DI
is 95 mm is as follows: C: 0.41%, Si: 1.75%, Mn: 0.18%, P:
0.009%, S: 0.006%, Cr: 1.04%, Ni: 0.5%, and Cu: 0.22%.

TABLE 2

10

12

value of the temper hardness HRC equal to that of the existing
high Cr steel (conventional steel), a specific composition
design is performed.

The temper hardness of the existing high Cr steel at a
certain tempering temperature T° C. is 52.5 HRC in the case
of'the optimal composition. On the other hand, in the case of
the optimal composition in the example steel, the temper
hardness at the tempering temperature T° C. is 52.6 HRC. As
described above, the contents of C, Si, Ni, Cr, and Ti are
respectively adjusted so that the same temper hardness is
obtained using the optimal composition.

In the present invention, the temper hardness is preferably
from 48 to 58 HRC, particularly most preferably from 50 to
56 HRC. If the temper hardness is less than 48 HRC, desired
mechanical characteristics which are required for the coil

Calculated cases of the composition design regarding the estimation index DI of hardenability

Application of composition Composition DI value

Classification addition to DI value C Si Mn P S Cr Ni Cu (mm)

Example steel Minimum 0.38 2.0 0.79 0 0 0.1 0.15 0.15 70

Example steel Maximum 044 23 1.25 0.02 0.02 043 035 035 238

Example steel Optimal 0415 205 1 0.009 0.006 0.2 0.2 0.2 115

Existing high Cr steel Minimum 038 1.7 0.1 0 0 1.0 0.3 0.2 63

Existing high Cr steel Maximum 042 1.9 045 0.02 002 11 0.6 0.3 189

Existing high Cr steel Optimal 041 175 0.18 0.009 0.006 1.04 0.5 0.22 95

(11) Temper Hardness 30 spring are not obtained, and thus the spring is easily sagged.

The temper hardness is the final hardness of the spring and
has a large impact on the spring performance. If the same
hardness can be obtained at the same tempering temperature
as that of the existing high Cr steel, it is possible to produce
the spring without changing the tempering temperature. Con-
sequently, it is an important factor, taking into consideration
the productivity of the spring.

The temper hardness of steel is evaluated using a Rockwell
C scale (HRC). A temper hardness HRC is expressed by
Equation (3) below:

HRC=38.99+17.48C+2.558i-2.28Ni+2.37Cr+8.04Ti 3)

Equation (3) above is a regression equation (empirical
formula) which is obtained by performing a multivariate
analysis on the results of different types of steels subjected to
the test in the past. The composition of the steel is not deter-
mined according to only the temper hardness. The composi-
tion of the steel is adjusted so as to comprehensively satisfy
the corrosion durability, sag resistance, Ac; transformation
temperature, decarburization, and the like.

An cases of the composition design of the example steels
regarding the hardenability will be explained with reference
to Table 3.

In the example steel, a basic composition design is per-
formed using the composition of the existing high Cr steel as
a base composition. Further, aiming at providing an optimal
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On the other hand, if the temper hardness exceeds 58 HRC,
the spring is adversely affected when a crack is formed on the
surface of the spring. As a result, the durability is reduced.

An example of the composition design of the example steel
when the temper hardness is 54.3 HRC is as follows: C:
0.44%, Si: 2.3%, Ni: 0.35%, Cr: 0.43%, and Ti: 0.13%. An
example of the composition design of the example steel when
the temper hardness is 50.6 HRC is as follows: C: 0.38%, Si:
2.0%, Ni: 0.15%, Cr: 0.10%, and Ti: 0.05%.

Further, aiming at HRC 52.6 which is an optimal value of
the temper hardness, an example of the composition design of
the example steel is as follows: C: 0.415%, Si: 2.05%, Ni:
0.20%, Cr: 0.38%, and Ti: 0.09%.

On the other hand, as for existing high Cr steel (conven-
tional steel), an example of the composition design of the
existing high Cr steel when the temper hardness is 51.4 HRC
is as follows: C: 0.38%, Si: 1.7%, Ni: 0.60%, Cr: 1.00%, and
Ti: 0.05%. An example of the composition design of the
existing high Cr steel when the temper hardness is 53.8 HRC
is as follows: C, 0.42%, Si: 1.9%, Ni: 0.30%, Cr: 1.10%, and
Ti: 0.09%. Further, aiming at HRC 52.5 which is an optimal
value of the temper hardness, an example of the composition
design of the existing high Cr steel is as follows: C, 0.41%, Si:
1.75%, Ni: 0.50%, Cr: 1.05%, and Ti: 0.07%.

TABLE 3

Calculated cases of the composition design regarding the temper hardness HRC

Application to the Composition Tempering
Classification tempering hardness C Si Ni Cr Ti hardness
Example steel Minimum 0.38 2.0 0.35 0.10 0.05 50.6
Example steel Maximum 044 23 0.15 043 013 543
Example steel Optimal 0.415 2.05 0.2 0.38 0.09 52.6
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TABLE 3-continued

14

Calculated cases of the composition design regarding the temper hardness HRC

Application to the Composition Tempering
Classification tempering hardness C Si Ni Cr Ti hardness
Existing high Cr steel Minimum 038 1.7 0.6 1.0 0.05 514
Existing high Cr steel Maximum 042 19 03 1.1 0.09 53.8
Existing high Cr steel Optimal 041 175 05 1.05 0.07 52.5

(12) Corrosion Weight Loss

The corrosion weight loss is one of the criteria to evaluate
the durability to the general corrosion of the material. Usu-
ally, the general corrosion and the generation frequency of the
corrosion pit have a trade-off relationship, such that when the
general corrosion (corrosion weight loss) of the metallic
material is high, the generation frequency of the corrosion pit
(pitting) is low, when the general corrosion (corrosion weight
loss) is low, the generation frequency of the corrosion pit
(pitting) is high. For example, the addition of Cr acts posi-
tively on the general corrosion, however it acts negatively on
the corrosion pit (pitting).

(13) Generation Frequency and Depth of Corrosion Pit

The generation frequency of the corrosion pit is evaluated
using a standardized variable y. The examined results of a
relationship between the generation frequency and depth of
the corrosion pit regarding the example steel and the existing
high Cr steel are shown in FIGS. 4 and 5 as will hereinafter be
described. Here, the term “standardized variable y”” means a
variable calculated by a method using a Gumbel distribution
function, which is among extreme value statistical methods
being used to evaluate the inclusions in the metallic material
(statistical methods using the cumulative distribution func-
tion or a Gumbel distribution function). The calculated stan-
dardized variables y are sequentially written in an extreme
value statistical graph and thus the slope of a group of plotted
points in the extreme value statistical graph is determined.
The generation frequency (in this embodiment, the genera-
tion frequency of the corrosion pit in place of the inclusions)
can be understood from the slope. In this regard, the proce-
dure of the extreme value statistical method using the stan-
dardized variable y of the Gumbel distribution is particularly
described in “Metal Fatigue: Effects of Small Defects and
Nonmetallic Inclusions; written by Yukitaka Murakami; pub-
lished by Yokendo Co., Ltd.; appendix A, p. 233 to 239”.

A mechanism in which the corrosion pit is generated and
then the crack is formed will be explained with reference to
FIG. 1.

If a local electrochemical reaction is generated by highly
corrosive solute ions which are condensed on the surface of
the steel forming the spring, a small hollow-shaped corrosion
pit, as shown in (a) of FIG. 1, is generated. If the initial
corrosion pit grows and deepens as shown in (b) of FIG. 1,
local stress concentration is generated at the bottom of the pit
and a small crack is formed as shown in (¢) of FIG. 1. Then,
the crack is progressed by repetitive stress as shown in (d) of
FIG. 1, and the spring is finally fractured.

Delaying the generation and growth of the pit which is
caused by corrosion or controlling the shape results in delay-
ing the formation of the crack at the bottom of the pit. As a
result, the corrosion fatigue lifetime becomes longer.

The width of the corrosion pit can be measured within the
observation field of a metallographic microscope.
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Further, the depth of the corrosion pit can be measured
within the observation field of the metallographic micro-
scope.

The shape of the pit can be determined using the measured
depth and width of the corrosion pit.

(14) Atmospheric Durability

The atmospheric durability when the spring material is
exposed to the air is also one of the important evaluation
items. The atmospheric durability test is performed by repeat-
edly applying a load in the direction of compression until the
spring is fractured (broken) in the air. As the number of the
repeated cycles until the spring is broken is large, the material
is evaluated as a material having excellent atmospheric dura-
bility.

(15) Sag Resistance

The sag resistance is an important evaluation item for
spring materials. The sag resistance of a coil spring is mea-
sured by the tightening test which applies a compressive load
to the spring. The tightening test measures how far the shape
of the spring is recovered to the original shape when the
spring is placed under predetermined conditions (the com-
pressive load, time, and temperature), and the load is deacti-
vated and evaluates the result.

(16) Corrosion Durability Test

The corrosion durability test is a test in which a cycle (salt
spray test, fatigue test, and keeping in a constant temperature
and humidity chamber) per day is performed until a coil
spring without coating is broken (fractured). In the salt spray
test, a 5% NaCl aqueous solution is sprayed to the coil spring
without coating for 30 minutes (in accordance with JIS
72371). In the fatigue test, the coil spring without coating is
vibrated 3000 times (repeating alternate load). The constant
temperature and humidity chamber is a container for keeping
the spring after the fatigue test at room temperature (23 to 25°
C.) and relative humidity of 50 to 60% for 23 hours. After
being kept in the constant temperature and humidity chamber,
the coil spring is again subjected to the salt spray test.

(17) Method for Producing Spring

The present invention can be applied to hot- and cold-
formed coil springs.

The hot-formed coil spring is produced through the follow-
ing process: wire rod heating (high-frequency heating); roll-
ing (forming into a coil spring shape); hardening (oil harden-
ing); tempering; hot setting; hot shot peening; water cooling;
pre-setting; chemical conversion; and coating.

The cold-formed coil spring is produced through the fol-
lowing process:

wire rod hardening and tempering; rolling (forming into a
coil spring shape); annealing to remove strain; hot setting; hot
shot peening; pre-setting; chemical conversion; and coating.

EXAMPLES

Hereinafter, the present invention will be specifically
described while comparing comparative examples with ref-
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erence examples, citing examples with reference to the Ceq1=[C]+0.11[8i]-0.07-[Mn]-0.05-[Ni]+0.02[Cr] Q)
attached drawings and tables. However, the present invention
is not limited only to the following examples, and various
modification may be added within the scope that fulfills the Ceq2=[C]+0.30[C1]-0.15[Ni]-0.70[Cu] )
object and purpose of the present invention. 5
The hot- and cold-formed coil springs shown in Table 6 Ceq3=[C]-0.04[Si]+0.24[Mn]+0.10[Ni]+0.20[Ct]—
were produced using the steels of Comparative examples 1 to 0.89[Ti]-1.92[Nb] (6)
TABLE 4
Component (mass %)
Steel N (¢]
Classification type C Si Mn Cu Ni Cr Ti Al P S (ppm)  (ppm)
Comparative A 041 218 079 — — 021 0071 Ol= 002z 0.02= 70 8
Example 1
Comparative B 041 218 077 016 020 — 0069 0.1= 0.02= 002 70 8
Example 2
Comparative C 041 220 081 — 030 021 0072 01= 0.02= 002 70 8
Example 3
Comparative D 040 219 078 031 020 020 0072 0.l= 002z 0.02= 20 5
Example 4
Example 1 E 042 222 122 025 025 019 0095 0.035 0.02= 002 70 8
Example 2 F 041 210 104 025 026 040 0090 0.035 002= 0.02= 70 8
Example 3 G 040 215 100 022 024 038 0098 0.035 002= 0.02= 70 8
Example 4 H 041 209 099 024 024 037 0097 0035 002= 0.02= 70 8
Example 5 I 042 219 099 023 025 019 0091 0035 002= 0.02= 70 8
Example 6 J 043 220 121 025 025 020 0095 0.035 002= 0.02= 70 8
Example 7 K 041 210 104 025 026 040 0090 0.035 002= 0.02= 70 8
Reference L 041 175 018 025 045 105 0063 0.035 0.02= 002 70 8
Example 1
4 (steels A to D), Examples 1 to 7 (steels E to K), and » TABLE 5
Reference examples 1 and 2 (steels L and M) having the
compositions shown in Tables 4 and 5. Here, the steels A to D o o
of the comparative examples were obtained by reproducing Classification Steeltype  Comrosion life (%)  Ceq1 Ceq2 Ceq3
the conventional steels having the composition ratios
described in Patent Literature 2. The steels L and M of the 4° Comparative A 83 0599 0473 0.491
reference examples were obtained by reproducing the exist- Example 1
ing high Cr steels of the composition ratios described in
Patent Literature 1. Comparative B 86 0.586 0.268 0.466
The hot coil spring was produced by a hot working process Fxample 2
including the following: wire rod heating (high-frequency 45
heat.ing or fu.rnace.: heating at 980° C: or mqre); rollipg (form- Comparative c 867 0585 0428 0.524
ing into a coil spring shape); hardening (oil hardening); tem-
pering (at about 390° C.); hot setting; hot shot peening; water Example 3
cooling; pre-setting; cl.lemi.cal conversion; and coating. Comparative b 9 0580 0913 0.496
The cold-formed coil spring was produced by a cold work- 50
ing process including the following: wire rod hardening and ~ Fxample 4
tempering; rolling (forming into a coil spring shape); anneal- Examble 1 E 102
ing to remove strain (at about 380° C.); hot setting; hot shot ample -
peening; pre-setting; chemical conversion; and coating. Fxample 2 F 106 -
In the hot setting, the spring was pushed until a stress of 55
1300 MPa occurred at 250° C. so as to plastically deform the Example 3 G 106 -
spring.
In the pre-setting, the spring was pushed until a stress of Example 4 H 101 -
1300 MPa occurred at room temperature so as to plastically
deform the spring. 60 Example 5 I 105 - - —
As the chemical conversion, treatment for forming a zinc Example 6 7 107 -
phosphate coat was performe.:d. . Fxample 7 K 106 -
As the coating, electrostatic coating was performed.
The three parameters Ceq 1, Ceq 2, and Ceq 3 in Table 5 are Reference L 100 -
parameters for specifying the conventional steels describedin 65 Example 1

Patent Literature 2, which are obtained using Equations (4),
(5), and (6) below.
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TABLE 6
Type of Wire diameter ~ Average diameter  Free length  Effective coil ~ Spring constant
working (mm) (mm) (mm) turn number (N/mm)
Hot working 12.5 110.0 382.0 5.39 333
Cold working 10.8 108.3 380.5 4.69 224

These coil springs were evaluated using various kinds of
the following tests.

[Corrosion Weight Loss Test]
Combined Cyclic Corrosion Test Mode

A cycle of spraying salt water (at 35° C., 5% NaCl) to the
springs for 8 hours and keeping them at a constant tempera-
ture and a constant humidity (at 35° C. and 60 R.H.) for 16
hours was performed 14 times.

Test piece shape: ¢: 10 mm, length: 100 mm
Specimen hardness: 53.5 HRC

After 7 and 14 cycles, the weight and the corrosion pit
shape were measured with a microscope and the results were
structured.

Test Results:

The relationship between the cycle number and the corro-
sion weight loss as to the springs of the examples and the
springs of the comparative examples was examined and the
results were shown in FIG. 2. The results of the examples
were shown with a characteristic line E1, while the results of
the comparative examples were shown with a characteristic
line C1.

As is clear from these results, it is confirmed that the
examples have corrosion resistance not inferior to that of the
comparative examples to which a large amount of the alloy
elements are added.

[Evaluation Test of Corrosion Pit Shape]

The shape of the corrosion pit can be specified by an aspect
ratio which is determined by performing the following cor-
rosion test.

A round bar was heated at 960° C. for 10 minutes, cooled
with oil at 70° C. for oil-hardening, and heated at 340° C. for
60 minutes for tempering. Then, the round bar was cutto have
a diameter of 10 to 12.5 mm.

5 mass % of NaCl aqueous solution was sprayed to the test
piece at 35° C. for 8 hours in accordance with JIS Z 2371.
Thereafter, a cycle of keeping the test piece in a wet environ-
ment (at a humidity of 60% and a temperature of 35° C.) for
16 hours was 14 times.

The test piece was immersed in a predetermined rust
removing liquid at normal temperature to remove the rust
generated by the salt water spraying. Subsequently, corrosion
pits of the surface of the test piece were observed with a laser
microscope. 20 or more corrosion pits are selected from the
corrosion pits observed in the surface of the test piece in
increasing order of depth. The aspect ratios of the corrosion
pits were calculated by Equation (7) below.

Aspect ratio=(corrosion pit depthx2)/(corrosion pit

width) @]

In the case of ferrous materials, the aspect ratio of the
corrosion pit is usually around 1.0.

Test Results:

The relationship between the cycle number and the aspect
ratio of the corrosion pit as to the examples and the compara-
tive examples was examined and the results were shown in
FIG. 3. In the drawing, the results of the examples were
shown with a characteristic line E2 and the results of the
comparative examples were shown with a characteristic line
C2.

As is clear from these results, it is confirmed that the aspect
ratios of the corrosion pits in the examples are lower than
those of the comparative examples, and the shape of the
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corrosion pits is flat as compared with that of the comparative
examples. This result is considered to show that an effect of
suppressing pitting is exerted by the low Cr content in the
examples. This is because Cr is an element in which the pH of
the bottom of the corrosion pit (the distal end) is generally
decreased during the formation of hydroxides as compared
with Fe, and pitting is easily facilitated.

The relationship between the corrosion pit depth and the
generation frequency as to the examples and the comparative
examples was examined and the results were shown in FIGS.
4 and 5. The generation frequency of a corrosion pit was
evaluated using the standardized variable y. The results of the
examples were shown with a characteristic line E3 in FIG. 4.
The results of the comparative examples were shown with a
characteristic line C3 in FIG. 5.

As is clear by comparing both the drawings, the slope of the
characteristic line E3 of the examples is higher than that of the
characteristic line C3 of the comparative examples. This
shows that the generation frequency of a shallow corrosion pit
increases in the examples, while the generation frequency of
a deep corrosion pit increases in the comparative examples.

In other words, the generation frequency of a deep corro-
sion pit is low in the examples.

[Spring Hardness|

51.5 HRC (2.75 HBD): for the atmospheric durability test,
for the tightening test

53.5 HRC (2.65 HBD): for the corrosion durability test

The conventional steel and the example steel were refined
to the same hardness. The spring performance of conven-
tional steel was relatively compared with that of the example
steel.

[Evaluation of Hardenability]

The hardening performance of the steel was evaluated
using the DI value.

The DI value in the case of the optimal composition of the
comparative example was 95 mm in Grain size No. 7. On the
other hand, the DI value in the case of the optimal composi-
tion of the example was 115 mm in Grain size No. 7. From the
result, it is confirmed that even if the Ni content is low in the
examples, hardenability equal or superior to that of the com-
parative examples can be ensured while desired spring per-
formance, decarburization, and temper hardness are respec-
tively satisfied.

[Air Durability Test]

Tests of changing average and variable loads were per-
formed and an average shearing stress Tm of the resultant
shearing stresses was converted at 735 MPa. The results are
shown in FIG. 6. In the drawing, Reference example 1 is
indicated by a black rhombus plot, the comparative examples
are indicated by white rhombus plots, and the examples are
indicated by triangular plots.

As is clear from these results, it is confirmed that the
atmospheric lifetimes of the cold- and hot forming springs in
the examples are equal or longer than those in the comparative
examples.
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[ Tightening Test]
Conditions for Tightening Test
Test stress (maximum shear stress): 1176 MPa, 1225 MPa,
and 1274 MPa
Tightening temperature and time: at 80° C. for 96 hours
Sag resistance (residual shearing strain v):
v=8D/nGd3-(P1-P2)

The test results showing the sag resistance of spring are
shown in FIG. 7. In the drawing, the results in Reference
example 1 were indicated by rhombus plots and the results in
the examples were indicated by triangular plots.

From these results, the sag resistance in the examples was
nearly equal to that in Reference example 1. The sag resis-
tance of the hot forming spring was slightly higher than that of
the cold forming spring. The same holds for the results in the
examples and Reference example 1.

[Corrosion Durability Test]

The corrosion durability test is performed using the coil
spring without coating and thus its object is to evaluate the
performance of the material itself and the performance by the
process of producing the spring. As described above, the
corrosion durability test is a test in which a cycle (salt spray
test, fatigue test, and keeping in a constant temperature and
humidity chamber) per day is performed until a coil spring is
broken, and then the number of the repeated cycles is evalu-
ated as the corrosion lifetime. The corrosion lifetime is
expressed in percentage using Reference example 1 as a stan-
dard value (100%) for relative comparison with the standard
value.

The corrosion durability test results as to the steels of the
examples, the comparative examples, and the reference
examples were shown in Table 5. From these test results, it is
confirmed that the corrosion durability of the steels of the
examples is equal to or higher than that of the existing high Cr
steels of the reference examples, and the hot- and cold form-
ing springs do not include steels having a low corrosion
lifetime, like the conventional steels of the comparative
examples.

Basic advantages of the present invention will be enumer-
ated as follows:

(1) in the composition ratio defined by the three parameters
Ac,, DI, and HRC, the corrosion lifetime is long and the
strength is high;

(ii) the material cost is inexpensive;

(iii) it is hardly affected by the price fluctuation of the rare
metal market and a material supply system becomes stable;
and

(1v) it is saving resources.

According to the present invention, the spring performance
which is equal or not inferior to that of the conventional steels
is obtained despite that the additive amount of expensive alloy
elements such as Ni, Cr, Mo, and V is equal to or lower than
that of the conventional steels. Additionally, steels having the
compositions whose corrosion lifetime is inferior are not
included.

The springs were evaluated using the example steel. As the
test results, in the composition ratio defined by the three
parameters Ac,, DI, and HRC, the atmospheric durability, sag
resistance, and anti-corrosion durability were equal to or
higher than those of the conventional steels.

Advantages in the performance of the present invention
will be enumerated as follows:

(a) in spite of the small additive amount of alloy elements,
such as Ni, Cr, Mo, and V, the corrosion weight loss in the
corrosive environment becomes nearly equal to or lower than
that of the conventional steel;

(b) the shape of the corrosion pit occurred in the corrosive
environment is flat and the local stress concentration is hardly
generated;
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(c) the depth of the corrosion pit occurred in the corrosive
environment is shallow, and thus a fatigue crack is hardly
formed and the corrosion lifetime is improved; and

(d) the present invention can be applied to both the hot form-
ing spring and the cold forming spring.

As described above, the corrosion weight loss of the
example steel is nearly equal to or lower than that of the
conventional steels in spite of the condition (no-addition of V
and the low Ni content, and the low Cr content). The corrosion
weight loss is not increased with changes in the composition
ratio. The corrosion pit shape of the example steel is flat and
the corrosion pit depth becomes shallow.

What is claimed is:

1. A steel for a spring for a vehicle comprising: C: 0.38 to
0.44%, Si: 2.00 to 2.30%, Mn: 0.99 to 1.25%, Cr: 0.10 to
0.43%, Ni: 0.15 to 0.35%, Cu: 0.15 to 0.35%, Ti: 0.09 to
0.13%, P: 0.02% or less (0% is not included), S: 0.02% or less
(0% is not included), Al: 0.003 to 0.10%, N: 0.002 t0 0.012%,
0: 0.002% or less (0% is not included), by mass %, and the
remainder consisting of iron and inevitable impurities,
wherein an Ac, transformation temperature as an indicator of
the decarburization performance, which is calculated by
Equation (1) below, is from 859° C. to 885° C., a maximum
hardened diameter DI as an indicator of the hardening per-
formance, which is calculated by Equation (2) below, is from
700 238 mm, and a temper hardness HRC as an indicator of
the spring performance, which is calculated by Equation (3)
below, is from 50 to 55,

Ac3;=910-203x

VC-15.2Ni+44.78i+104V+31.5Mo+13.1W 1),

DI=DoxfsxfamXfefs¥fafvifcr 2),

HRC=38.99+17.48C+2.558i-2.28Ni+2.37Cr+8.04Ti (3),

wherein D,=8.65xVC, £,=1+0.64x% Si, f,, =1+4.10x%
Mn, £,=1+2.83%x% P, £~1-0.62x% S, f.,=140.27x%
Cu, £,,=140.52x% Ni, and f.,=1+2.33x% Cr.

2. A method for producing a spring for a vehicle compris-

ing:

hot or cold working a steel which comprises C: 0.38 to
0.44%, Si: 2.00to 2.30%, Mn: 0.99 to 1.25%, Cr: 0.10to
0.43%, Ni: 0.1510 0.35%, Cu: 0.15 10 0.35%, Ti: 0.09 to
0.13%, P: 0.02% or less (0% is not included), S: 0.02%
or less (0% is not included), Al: 0.003 to 0.10%, N: 0.002
to 0.012%, O: 0.002% or less (0% is not included), by
mass %, and residue consisting of iron and inevitable
impurities, wherein an Ac; transformation temperature
as an indicator of the decarburization performance,
which is calculated by Equation (1) below, is from 859°
C. to 885° C., a maximum hardened diameter DI as an
indicator of the hardening performance, which is calcu-
lated by Equation (2) below, is from 70 to 238 mm, and
a temper hardness HRC as an indicator of the spring
performance, which is calculated by Equation (3) below,
is from 50 to 55, into a wire rod;

rolling the wire rod to be formed into a coil spring shape;

subjecting the spring to a heat treatment for hardening and
tempering;

hot-setting the spring;

subjecting the spring to hot shot peening; and

pre-setting the spring,

Ac3;=910-203x

VC-15.2Ni+44.78i+104V+31.5Mo+13.1W 1),

DI=DoxfsxfamXfefs¥fafvifcr 2),

HRC=38.99+17.48C+2.558i-2.28Ni+2.37Cr+8.04Ti (3),
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wherein D,=8.65xVC, f,=1+0.64x% Si, f,,=1+4.10x%
Mn, £;=1+2.83%x% P, £=1x0.62x% S, f.,=1+0.27x%
Cu, f,,=140.52x% Ni, and f,=142.33x% Cr.

3. The method according to claim 2, wherein the wire rod
is rolled by hot or cold forming to be formed into the coil
spring shape, and the spring is subjected to hot shot peening
s0 as to give a maximum shear stress of 1176 MPa or more.

4. The method according to claim 2, wherein the hot shot
peening is performed at 200° C. to 300° C.

5. A spring for a vehicle comprising a steel which com-
prises C: 0.38 10 0.44%, Si: 2.00t0 2.30%, Mn: 0.99t0 1.25%,
Cr: 0.10 to 0.43%, Ni: 0.15 to 0.35%, Cu: 0.15 to 0.35%, Ti:
0.09100.13%, P: 0.02% orless (0% is not included), S: 0.02%
or less (0% is not included), Al: 0.003 to 0.10%, N: 0.002 to
0.012%, O: 0.002% or less (0% is not included), by mass %,
and the remainder consisting of iron and inevitable impuri-
ties;

the steel being formed into a wire rod by hot or cold

working, the wire rod being formed into a coil spring
shape by rolling, the coil spring being subjected a heat
treatment for hardening and tempering, being subjected
a hot-setting, being subjected a hot shot peening, and
being subjected a pre-setting;
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wherein an Ac, transformation temperature as an indicator
of the decarburization performance, which is calculated
by Equation (1) below, is from 859° C. to 885° C., a
maximum hardened diameter DI as an indicator of the
hardening performance, which is calculated by Equation
(2) below, is from 70 to 238 mm, and a temper hardness
HRC as an indicator of the spring performance, which is
calculated by Equation (3) below, is from 50 to 55,

Ac3=910-203x

VT-15.2Ni+44.78i+104V+31.5Mo+13.1W 1),

@,

®,

wherein Do:8.65><\/C, f,=140.64x% Si, f,,=1+4.10x%
Mn, £,=1+2.83%x% P, £~1-0.62x% S, f.,=140.27x%
Cu, f,,=140.52x% Ni, and f.,=142.33x% Cr.

6. The spring according to claim 5, wherein the wire rod is

rolled by hot or cold forming to be formed into the coil spring
shape, and the spring is subjected to hot shot peening so as to

DI=Doxfsixfamxfoxfsxfeufnxfer

HRC=38.99+17.48C+2.558i-2.28Ni+2.37Cr+8.04Ti

2o provide a maximum shear stress of 1176 MPa or more.

7. The spring according to claim 5, wherein the hot shot
peening is performed at 200° C. to 300° C.

#* #* #* #* #*



